One sentence summary: A new strategy for optimised fermentation advances the large-scale cultivation of magnetotactic bacteria.
INTRODUCTION
Magnetotactic bacteria (MTB) are abundant aquatic prokaryotes that produce magnetic nanoparticles, magnetosomes, which guide the magnetotactic motility of MTB . Compared with chemically synthesised magnetic nanoparticles, magnetosomes offer a superior chemical purity of crystals, uniform size, specific morphologies and special arrangements; thus, MTB and its magnetosomes may be useful in a wide range of fields (Bazylinski and Frankel 2004; Jacob and Suthindhiran 2016) . Although MTB are abundant and distributed worldwide, most MTB are fastidious with regard to cultivation and few isolates have been obtained from an axenic culture (Faivre and Schuler 2008; Morillo et al. 2014) . Therefore, much of the progress in this area has relied on the genetic manipulation of just two strains, Magnetospirillum magneticum AMB-1 and Magnetospirillum gryphiswaldense MSR-1 over the past four decades (Uebe and Schuler 2016) . As a result, the molecular mechanisms of magnetosome formation are not fully understood. So far, MTB strains such as AMB-1, MSR-1, Magnetovibrio blakemorei MV-1 and Magnetospirillum sp. XM-1 have been employed for a yield production of magnetosomes on the laboratory scale (Matsunaga, Tsujimura and Kamiya 1996; Yang, Takeyama and Matsunaga 2001; Sun et al. 2008; Liu et al. 2010; Zhang et al. 2011; Silva et al. 2013; Wang et al. 2015; Boucher et al. 2017) , but unfortunately there have been no commercial applications of MTB and magnetosomes (Ali et al. 2017) . The commercial applications have been hampered by the poor scalability and high cost of magnetosome production using naturally magnetotactic bacteria (Uebe and Schuler 2016) . More cultivatable strains of MTB and genomic information are required to further understand the physiological and metabolic profiles of MTB. Therefore, the information herein will help to develop fermentation strategies and improve magnetosome production.
We recently isolated a novel spiral MTB strain, Magnetospirillum sp. ME-1, and carried out the large-scale fermentation of ME-1. Genomic analysis of ME-1 was conducted to understand its magnetosome genomic island (MAI) and metabolic properties. This study might provide insights into the isolation and fermentation of MTB through optimisation of the growth medium. The accumulation of information on the fastidious growth of MTB might improve the largescale fermentation of MTB and the production of magnetosomes, and thus promote the application of both MTB and magnetosomes.
MATERIALS AND METHODS

Medium
For the isolation of Magnetospirillum sp. ME-1, we used a growth medium (GM) that was modified from that for isolates Magnetospirillum sp. MSM-3, 4, 6 (Schuler, Spring and Bazylinski 1999) . GM consisted of (per liter deionised water) 10 mL 0.1 M potassium phosphate buffer (pH 7.0), 0.5 g sodium acetate, 0.5 g sodium succinate, 0.25 g yeast extract, 0.1 g MgSO 4 , 0.5 g NH 4 Cl, 0.2 mL 10 × Wolfe's minerals (Wolin, Wolin and Wolfe 1963) , 0.1 mL 10 × vitamin mixture (Frankel et al. 1997 ) and 100 μM ferric citrate. The pH was adjusted to 7.0 and 0.1% agar was added to give a semisolid GM. After autoclaving, the medium was stored at room temperature in the dark overnight. Sterile Wolfe's minerals, a vitamin mixture and ferric citrate were added before inoculation.
Isolation of Magnetospirillum sp. ME-1
Sediments and water samples were collected from the oxicanoxic interface at the sludge level on the north shore of East Lake, Wuhan, China. Approximately 400 mL samples were transferred into 600 mL sterile plastic bottles, and then bottles were sealed and stored at room temperature under dim light for months. After 5 months of enrichment, MTB were magnetically concentrated from sediments by placing a 'flat-bottomed tube with magnet bars' inside the samples; the suspension containing the concentrated MTB was subsequently selected by placing on top of a sterile, wetted cotton plug in the widemouthed end of the modified Pasteur pipette as previously described (Schuler, Spring and Bazylinski 1999) ; then MTB were isolated by limiting dilution combined with aerotactic bandformation. For serial limiting dilution transfers, selected cells were transferred into semisolid GM for an additional 3, 6, 12, 24, 48 or 72 h of incubation at 28
• C. The formation of an aerotactic band was observed. MTB cells were collected from the aerotactic band and their DNA was extracted for polymerase chain reaction (PCR) amplification of the 16S rRNA gene. The PCR product was sequenced to verify the purity of the collected MTB.
Assay of nutrition utilisation and physio-biochemical tests
The utilisation of potential carbon sources was individually examined in semisolid media using 0.1% (w/v) concentrations of the compounds in supplementary Table S1 . ME-1 was cultivated in semisolid GM either without nitrogen sources (including a vitamin mixture) or with the following compounds (replacing nitrogen sources) at 0.1% (w/v): NH 4 Cl, NaNO 2 , NaNO 3 , peptone and urea. These semisolid media were autoclaved and loaded into sterile screw-capped tubes, each containing 2/3 volume of the test media. Tubes of the test semisolid media were sealed and allowed to stand overnight to establish oxygen gradients (Blakemore, Maratea and Wolfe 1979) . The growth and morphology of cells in the test media were determined after 3 days of cultivation (Matsunaga, Sakaguchi and Tadakoro 1991; Schleifer et al. 1991) . Catalase and oxidase activities and other properties (supplementary Table S2 ) were determined as previously described (Blakemore, Maratea and Wolfe 1979; Maratea and Blakemore 1981) .
Optimisation of the medium
To identify the optimal components of the medium, singlefactor experiments were performed in anaerobic bottles (supplementary Table S1 ) as described by Heyen and Schuler (2003) .
After two passages, cell density, morphology and magnetotactic motility were each determined at 21, 44 and 68 h. Cell density was measured at a wavelength of 565 nm by an ultraviolet/visible spectrometer (BioTek, Winooski, VT). Cell morphology was observed by a CX41 microscope (Olympus, Tokyo, Japan). Magnetotactic motility was investigated by the hanging drop method (Schuler 2002) . On the basis of single-factor experiments, two rounds of orthogonal tests L 27 (3 13 ) were used to evaluate the effects of the combinations of factors on the growth and magnetotactic motility of ME-1. The independent factors of the culture medium are shown in Table 1 . A confirmatory orthogonal test was performed to verify the optimised fermentation medium (OFM) (supplementary Table S3 ). Cell growth, morphology and magnetotactic motility were each determined at 48, 72 and 96 h.
High-yield fed-batch fermentation
About 6-7 L of OFM were loaded into a 10-L fermenter (BioTECH, Shanghai, China), and the pH was adjusted to 7.0 using NaOH. The dissolved oxygen concentration (DO) was calibrated to 100% and 0%, and the OFM was then autoclaved at 121
• C for 30 min. Fed-batch fermentation was carried out at 30
• C with a working volume of 6 L after the inoculation of 600 mL culture at 10% (v/v), as previously described (Matsunaga, Tsujimura and Kamiya 1996; Sun et al. 2008) . The inoculum was grown in anaerobic bottles filled with nitrogen by three sequential transfers at 10% (v/v) in a shaking incubator at 28
• C (120 r.p.m., 24 h). The cell density of the inoculum was 0.416 (OD 565 ). After the initiation of culture, the stirring rate was reduced to 50 r.p.m. and the air-flow rate was reduced to 0 for 0-18 h. During fermentation, the air-flow rate was adjusted to 2 L min -1 and the stirring rates were in the range of 50-300 r.p.m.. DO was controlled at the levels of 0.5-2% by coupling to the stirring rate. The pH was maintained by supplying feeding medium.
The feeding medium contained adipate (20 g L -1 ), NH 4 NO 3 (5 g L -1 ) and ferric citrate (500 μM). Cell density, morphology and Table 1 . Results and analysis of orthogonal tests.
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Buffer (mL L magnetotactic motility were each determined at intervals of 2 h during fermentation.
Purification of magnetosomes
The cell pellets were collected by centrifugation at 8000 r.p.m. for 10 min and resuspended in 10 mM phosphate-buffered saline (PBS). The cells were disrupted by passage through a French Press at 15 kgf cm −2 three times (Matsunaga, Tsujimura and Kamiya 1996) . The homogenate was sonicated with 99 pulse cycles of 5 s ON and 5 s OFF at 30 Watts in an ultrasonic cell crusher (Scientz, Ningbo, China), collected by a magnet and washed with PBS. This process was repeated 10-15 times. The amount of purified magnetosomes was calculated, then purified magnetosomes were resuspended in PBS and stored at 4
• C.
Identification of strain ME-1 and magnetosomes
Cells and magnetosomes of strain ME-1 were observed by transmission electron microscopy using a Hitachi H-7000FA microscope at 75 kV (Hitachi, Tokyo, Japan) and a Tecnai G20 TWIN microscope at 160 kV (FEI, Hillsboro, OR), respectively. The sizes of cells and magnetosomes were statistically analysed using ImageJ software (National Institutes of Health, Bethesda, MD). The shape factor of magnetosomes was calculated as width/length. The crystalline compositions of magnetosomes were analysed using an energy dispersive X-ray spectrometer (EDX-720, Shimadzu, Kyoto, Japan).
Phylogenetic and comparative genomic analysis
The ME-1 genome was sequenced using Illumina Hiseq 2500 and annotated using the prokaryotic genome automatic annotation pipeline, as previously described (Ke et al. 2017) . Functional classifications of the predicted genes were performed using the Integrated Microbial Genomes (IMG) system server (Markowitz et al. 2012) . Phylogenetic analysis of ME-1 was performed based on 16S rRNA genes. A neighbour joining tree was constructed by MEGA6 using the maximum likelihood method with 1000 bootstrap replications (Tamura et al. 2013) . Genome sequences of several cultivated MTB were downloaded from GenBank or EMBL. These included seven complete genomes and a draft genome for MTB strains: AMB-1 (NC 0 07626.1), MSR-1 (NC 02 3065.1), Magnetospira sp. QH-2 (NZ FO538765.1), Magnetospirillum sp. XM-1 (LN997848.1), Magnetococcus marinus MC-1 (NC 0 08576.1), Candidatus Magnetococcus massalia MO-1 (LO017727.1), Desulfovibrio magneticus RS-1 (NC 01 2796.1) and Magnetospirillum magnetotacticum MS-1 (NZ JXSL01000030.1). Metabolic pathways were reconstructed from these annotated genomes and the genome of ME-1 using KAAS (KEGG Automatic Annotation Server) (Moriya et al. 2007 ). In addition, the molecular organisations of MAI were constructed according to these annotated genomes and the magnetosome gene cluster for M. blakemorei MV-1 (FP102531.1).
Nucleotide sequence accession number
The genome sequence of strain ME-1 has been deposited in NCBI GenBank under the accession number CP015848.1. The strain itself is available from Prof. Meiying Gao (Wuhan Institute of Virology, Chinese Academy of Sciences, Wuhan, PR China).
RESULTS
Characteristics of strain ME-1 and magnetosomes
Isolation of ME-1 was carried out by using limiting dilution method at 28
• C in sterile screw-capped tubes. Serial dilution transfers resulted in the isolation of strain ME-1, which was verified by 16S rRNA gene sequencing of the PCR product. Transmission electron microscopy showed that ME-1 was a spiral MTB that had a single flagellum at each pole and contained a single chain of 17 ± 4 magnetosomes (n = 48) per cell. The average size of magnetosomes (n = 224) was 32.5 ± 4.5 nm in length and 28.9 ± 4.5 nm in width (Fig. 1A and B) . The shape factor of magnetosomes was 0.89. The crystals of magnetosomes were cubooctahedral and membrane-enveloped ( Fig. 1C and D) . In addition, magnetosomes consisted of iron oxides as determined by energy dispersive X-ray spectrometer (Fig. 1E) . Phylogenetic analysis based on 16S rRNA genes revealed that ME-1 belonged to the genus Magnetospirillum, and had the highest degree of similarity (with an identity of 99%) to Magnetospirillum sp. XM-1 (Fig. 2) . Therefore, this novel spiral MTB was tentatively named Magnetospirillum sp. ME-1.
Magnetosome-specific genes and metabolic pathways
A ferrous iron transport system (p19, WV31 0 2160-0 2190) and an feoAB homologue (WV31 0 1745-0 1750) were respectively located at each end of the MAI besides the previously reported five magnetosome-specific operons (Fig. 3A) (Ke et al. 2017) . Moreover, MAI also contained a ferric uptake regulator gene (WV31 0 1815), which might play roles in iron uptake and magnetosome formation (Uebe et al. 2010) . In Magnetospirillum species, mamGFDC, mms, mamAB and mamXY operons are conserved. In addition, mamAB and mms operons are highly conserved in alphaproteobacterial MTB. Furthermore, seven conserved mam genes (mamE, mamK, mamM, mamO, mamP, mamA and mamB) are present in all MTB genomes (Fig. 3A) . Though the closest relative of ME-1 is XM-1 according to 16S rRNA similarity, ME-1 is more similar to AMB-1 than XM-1 in the nucleotide sequences of the MAI (Fig. 3B) . Compared with the MAI of either AMB-1 or XM-1, the MAI of ME-1 possessed an additional copy of mamPA (WV31 0 1840-0 1845) and a larger mamO gene (WV31 0 1850) in the mamAB-like operon (Draper et al. 2011; Quinlan et al. 2011 ) (supplementary Table S4 , and Fig. 3C ).
Genomic analysis revealed that ME-1 had an intact citric acid cycle, a net anaplerotic reaction (EC 6.4.1.1) and a complete pathway model for pyruvate metabolism (supplementary Fig. S1 and Table S5 ). This metabolic pathway enabled ME-1 to use various carbon sources to support heterotrophic growth.
Genes coding nitrogenase and other related proteins were found in the ME-1 genome and were present in the nif gene cluster (supplementary Table S6 ). It suggested that ME-1 could fix nitrogen. Furthermore, genomic analysis revealed that the ME-1 genome contained three gene clusters including narGH, napAB and nirBD involved in dissimilatory nitrate reduction. In addition, a glnA and several gltBD were responsible for ammonia assimilation in ME-1 (supplementary Table S6 ). These findings suggested that nitrate, nitrite and ammonium could support the growth of ME-1. In contrast, one nasA was not enough to code assimilatory nitrate reductase, and thus might block assimilatory nitrate reduction to nitrite. ME-1 contained an incomplete denitrification pathway for the absence of norBC coding nitric oxide reductase, but had nosZ and nirS that coded nitrous oxide reductases and cytochrome cd 1 nitrite reductases, respectively (supplementary Table S6 ).
Nutrition utilisation
ME-1 could not grow in the absence of carbon sources and could not use amino acids, saccharides or most organic acids for growth (supplementary Table S1 ). Several carbon sources, including succinate, 2-oxoglutarate, fumarate, oxaloacetate, adipate, pyruvate, lactate, acetate, malate and peptone, could be used to support growth (supplementary Table S1 ). Thus, ME-1 was considered to be a heterotrophic bacterium. Carbon substrates, including succinate, 2-oxoglutarate, fumarate, oxaloacetate and malate, might support the growth of ME-1 through the citric acid cycle. However, it was applicable for the use of neither lactate nor adipate. In particular, adipate served as a new kind of carbon source for the growth of MTB. ME-1 could grow in the absence of a nitrogen source because of the nitrogen fixation ability predicted by genomic analysis. Compared with cell growth in GM, in which NH 4 Cl was the nitrogen source, growth was inhibited in the presence of NaNO 2 . In contrast, the growth of ME-1 was promoted by supplementation with NH 4 Cl or NaNO 3 . This suggested that NH 4 + and NO 3 − could be used as nitrogen sources for cell growth, and this was confirmed by the use of NH 4 NO 3 , KNO 3 and NH 3 ·H 2 O to promote the growth of ME-1 (supplementary Table  S1 ). The use of these nitrogen sources was in consistent with bioinformatic predictions. In addition, ME-1 grew in the presence of urea or peptone, but developed abnormal morphologies. ME-1 exhibited urease activity. ME-1 also showed oxidase activity, suggesting that it is capable of aerobic growth (supplementary Table S2 ). However, the formation of magnetosomes in ME-1 was inhibited under aerobic conditions. ME-1 could not grow in the presence of 1% NaCl or glycine, and had no catalase, phosphatase and sulfatase activities. In addition, ME-1 had no ability of nitrate reduction to nitrite but had the ability of dissimilatory nitrate reduction to ammonium. No ammonia, indole, hydrogen sulfide and soluble fluorescent pigment were produced in the growth of ME-1. Except for gelatin, hippurate and esculin could be hydrolysed by ME-1 (supplementary Table S2 ).
Optimised fermentation medium
Single-factor experiments regarding cell growth and magnetotactic motility revealed that adipate, NH 4 NO 3 and ferric citrate were the most significant sources of carbon, nitrogen and iron, respectively, for ME-1 growth and magnetosome formation. The results of orthogonal tests are shown in Table 1, and supplementary Table S3 . Ferric citrate did not significantly influence the growth of ME-1 (supplementary Fig. S2 ), and the cell density was relatively high in the presence of 100 μM ferric citrate (Table 1) . According to the statistical analyses of orthogonal tests, the significant independent factors and their significant concentrations from each round of orthogonal test were used as the optimised media (LO1 and LO2, respectively). Confirmatory orthogonal test revealed that cells grown in LO2 had a rapid growth rate and the strongest magnetotactic motility (supplementary Table S3 ). For the best cell growth and magnetosome yields, the optimal concentrations were 2.0 g L -1 for adipate, 0.5 g L -1 for NH 4 NO 3 , 2.5 g L -1 for peptone and 0.5 g L -1 for yeast extracts, as determined by orthogonal tests (supplementary Fig. S3 , Table 1 and supplementary Table S3 ). In addition, 0.3 mL L -1 10× vitamin mixture and 0.2 mL L -1 10× mineral mixture were the optimal additives for cell growth and magnetosome production.
Large-scale production of magnetosomes from ME-1 in a 10-L fermenter
Fed-batch fermentation of ME-1 was performed at 30
• C in a 10-L fermenter based on pH-static feeding, which was based on pH feedback control to feed substrates into the system. Thus, fedbatch fermentation was optimised at a constant level of pH 6.8, while supplying the carbon, nitrogen and iron sources for largescale production.
On the other hand, to enhance the production of magnetosomes, DO was controlled at a constant level of 0.5% by coupling to the air-flow rate and stirring rate. During fed-batch fermentation, a stirring rate in the range of 50-300 r.p.m., which produced a constant level of DO (0.5%), could produce a large amount of magnetosomes of good quality.
The resulting cell density and magnetosome yield at 49 h were 6.5 (OD 565 ) and 120 mg L -1 (wet weight), which was lower than that of MSR-1 but higher than that of other MTB ( Table 2 ). As shown in Table 2 , many strategies including batch, pH-static batch, fed-batch and semicontinuous culture have been developed to cultivate MTB in fermenters. Fed-batch cultivation seems to be a helpful strategy for large-scale fermentation of MTB and magnetosomes. The present results indicate that ME-1 has great potential for the large-scale production of magnetosomes.
DISCUSSION
While the 16S rRNA gene in strain ME-1 showed 99% similarity to that in strain XM-1, the newly isolated strain had many different features compared with XM-1, including the number, size and shape factor of magnetosomes (∼17 vs ∼10, 32.5 nm vs 43.7 nm, 0.89 vs 0.85, respectively) (Wang et al. 2015) . ME-1 had a smaller genome and its genome sequence had a symmetrical identity of 72% to that of XM-1; in particular, the MAI of ME-1 had a lower similarity to that from XM-1 than from AMB-1, as mentioned above (Wang et al. 2015; Ke et al. 2017) . ME-1 is capable of nitrogen fixation; most MTB can fix nitrogen, and the presence of the nif gene cluster is an important feature of the MTB genome, except for the QH-2 genome (supplementary Table S6 ) (Ji et al. 2014) . All MTB strains lack the ability of assimilatory nitrate reduction; only XM-1, AMB-1 and MSR-1 have a complete denitrification pathway. In contrast, ammonium assimilation is a conserved pathway in MTB genomes; dissimilatory nitrate reduction and citric acid cycle are another two highly conserved metabolic pathway models in MTB genomes, except for RS-1 (supplementary Tables S5 and S6 ). RS-1 lacks nirBD genes in dissimilatory nitrate reduction (supplementary Table S6 ), and it lacks malate dehydrogenase (EC 1.1.1.37) in the citric acid cycle (supplementary Fig. S1 ). Nevertheless, the intermediates such as pyruvate, fumarate, malate and succinate in the citric acid cycle can support the growth of AMB-1, XM-1, MV-1 and Magnetospira thiophilla MMS-1 by serving as carbon sources Williams et al. 2012; Bazylinski et al. 2013; Wang et al. 2015) .
Apart from succinate, adipate serves as another kind of dicarboxylic acid to support the growth of ME-1. Adipate is not the intermediate in the citric acid cycle but can be oxidised to succinyl-Coenzyme A (CoA) and acetyl-CoA through β-oxidation (Thykaer, Christensen and Nielsen 2002) . SuccinylCoA is an intermediate in the citric acid cycle, while acetylCoA is a key molecule in microbial central carbon metabolism and plays a role in other cellular processes (Krivoruchko et al. 2015) . In addition, β-oxidation is very important in the use of fatty and dicarboxylic acids including adipate to generate energy (Mortensen 1984; Kunau, Dommes and Schulz 1995; Thykaer, Christensen and Nielsen 2002; Houten and Wanders 2010) . In general, acyl-CoA dehydrogenase, enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase and 3-ketoacyl-CoA thiolase are responsible for β-oxidation (Kunau, Dommes and Schulz 1995) . The ME-1 genome contains multiple genes that code these enzymes (supplementary Table S7 ). In the present study, adipate might be used to support the heterotrophic growth of ME-1 through β-oxidation (Fig. 4) . It indicates that adipate can serve as a new kind of dicarboxylic acid to support the growth of MTB.
The fed-batch cultivation of ME-1 was performed in a 10-L fermenter with the use of adipate. The magnetosome yield was relatively high but lower than that in MSR-1 (Table 2) . In this study, the process of magnetosome collection was repeated many times to obtain magnetosomes that were free of impurities (Fig. 1C) . This may have resulted in a moderate loss of yield. Nevertheless, the fed-batch method might be useful for the large-scale fermentation of magnetosomes. In addition, dicarboxylic acid can successfully support fed-batch cultivation.
These findings may provide insights into the isolation and fermentation of MTB through the supply of appropriate substrates, e.g. intermediates in the TCA cycle as well as dicarboxylic acids, and perhaps fatty acids. More studies are needed to reveal the detailed metabolic properties of and genetic evidence regarding MTB. Such information should help advance the isolation and fermentation of other new MTB strains and improve the applications of MTB and magnetosomes. 
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